Abstract. The surface chemistry of the commercial active carbon AG-5 has been modifi ed by oxidation with concentrated nitric acid. The structural changes caused by oxidative treatment were estimated on the basis of nitrogen adsorption-desorption isotherms and thermal analysis. Boehm titration method and infrared spectral analysis have been used in order to evaluate surface chemistry characteristics of active carbon samples. After oxidation process the amount of total acidic groups on oxidized active carbon surface (AG-5ox) increases by about 6 times in comparison with unmodifi ed sample (AG-5). The concentration of the acidic groups on the oxidized active carbon surface (AG-5ox) was in the following order: strong acidic >>> weak acidic > phenolic.
Introduction
For the treatments of drinking and waste waters, packed beds of granular activated carbon are frequently used. The type of contaminant which will be adsorbed and the adsorption/removal effi ciency of the active carbons are strongly dependent on their both porous structure and surface chemistry [1] [2] [3] [4] . Therefore, the surface chemical modifi cation of active carbons is of great interest in order to produce materials for specifi c applications. This modifi cation has been mainly carried out by oxidative methods, producing a more hydrophilic structure with a large number of oxygencontaining groups [5] . Various reagents have been used as oxidants: nitric acid, hydrogen peroxide, sodium hypochlorite, permanganate, transition metals etc. [5] [6] [7] [8] [9] [10] . A review of the literature concerning oxidation of the active carbons shows, that using nitric acid as oxidizing agent provides strong acidic functional groups on the carbon surface [6, [11] [12] [13] .
In order to minimize operational problems during the water treatment processes, attention must be given to the size of the granular active carbon particles. The large particles have a small external surface area and long internal diffusion path lengths [14] . This reduces the mass transfer velocity, resulting in long adsorption/removal processes of pollutants from waters.
The aim of this work was to modify the surface chemistry of the commercial granular active carbon AG-5, using the concentrated nitric acid as oxidizing agent. In order to characterize unmodifi ed and oxidized active carbon samples, the standard test methods for evaluation of physical properties (particle size distribution and bulk density), physical-chemical characteristics (elemental analysis, thermal analysis, nitrogen adsorption measurements) and surface chemistry characteristics (pH of surface, Boehm titration method and IR spectral analysis) have been used.
Experimental

Materials
In this study commercially available granular activated carbon AG-5 (GOST 20777-75) has been used. Activated carbon AG-5 is obtained from pit coal by steam activation representing granules of cylindrical shape [15] . All the chemical reagents used in this study were of analytical grade.
Sample oxidation method
The oxidation was carried out as follows: the solution of concentrated nitric acid (63%) was added to 400g of granular active carbon AG-5 (at a ratio of solid:liquid of 1:3), which was placed in the glass fl ask on the water bath. The fl ask was connected with refl ux condenser ended with absorption bulb fi lled with the NaOH solution. The carbonnitric acid mixture was kept at the temperature of 95 ºC for 8 h. The released nitrogen oxides were absorbed in the absorption bulb. After fi nishing the oxidation process the mixture was cooled and decanted. The humic acids formed during oxidation processes have been removed with 1.0 N solution of KOH. After removal of humic acids the oxidized active carbon sample has been treated with 1.0 N solution of HCl in order to neutralize residual KOH and to obtain the H + form of oxidized active carbon. Afterwards, the oxidized sample was extensively washed with distilled water until chlorine ions have not been detected in the washing water, dried at 110±5ºC and labelled as AG-5ox.
Characterization methods
Prior characterization measurements the active carbon samples were dried at 110±5ºC for 3 h.
Physical characteristics
Particle size is an important property infl uencing the fl ow characteristics, adsorption kinetics and catalytic behaviour of granular activated carbon layers. The granular active carbon samples were separated according to particle size using a set of standard sieves with decreasing size opening (in mm). The results are given in weight percent for those particles between different sieves expressed as particle size [16] .
The bulk density is defi ned as the mass of a unit volume of the sample in air, including both the pore system and the voids between the particles. The bulk density (D b ) is given in g/cm 3 and determined by Eq.(1) [16] :
where, m-mass of the dry sample in g;
V-volume of the sample, measured under test condition in cm 3 . The content of metals was determined by atomic absorption spectroscopy (AAS-1N).
Physical-chemical characteristics
The surface area, pore volumes and pore size distributions of the carbons were performed on a surface area analyzer (Autosorb 1-MP) through N 2 adsorption-desorption at 77 K after outgassing the samples at 250 ºC to a residual vacuum 10 -5 Pa [17] . Surface area (S BET ) was measured by the BET (Brunauer-Emmet-Teller equation) method. Pore size distribution was determined by the Non-Local Density Functional Theory (NLDFT) method assuming slit pore geometry. The total pore volume (V total ) was deduced from the manufacturer's software [18] . Micropore volume (V micro ) was calculated using Dubinin Radushkevich (DR) method. Mesopore volume (V meso ) was determined by the subtraction of the V micro from the V total .
Thermal analysis measurements were performed using a Derivatograph Q-1000 analyzer. The samples were heated from room temperature up to 1000 °C in air at a heating rate of 10 °C/min.
Surface chemistry characteristics
The pH of the active carbon surface has been evaluated by determination of pH value of active carbon suspension (0.4 g of dried sample/20 mL of distilled water) equilibrated for 24 h [19] .
The quantifi cation of the surface functional groups have been done by selective neutralization technique of Boehm [20] . According to this method, carbon sample (0.5g) was equilibrated with 50 mL of each of three bases 0.05N NaHCO 3 , Na 2 CO 3 , NaOH, sealed and shaken for 72 h, and then 10 mL of each fi ltrate was back-titrated with 0.05N HCl. The surface concentrations of each acidic groups: strong-carboxyl, weak-carboxyl and phenolic; have been determined by differences between the amounts reduced by each of the bases [11] . The total basic surface oxides have been determined with a similar titration technique using 0.05 N HCl and back-titrating with 0.05 N NaOH. Titrations have been done using automated titrator TitroLine ® 6000 (SI Analytics, Germany). The concentrations of surface acidic groups (N A , meq/g) have been calculated by Eq. (2):
where, C 0 and C e are initial and equilibrium concentrations of bases NaHCO 3 , Na 2 CO 3 , NaOH;
V -volume of bases added to active carbon sample, in mL; m-mass of active carbon sample, in g. The quantity of the basic functional groups (N B , meq/g) has been calculated by Eq. (3):
where, C 0 and C e are initial and equilibrium concentrations of HCl;
V -volume of HCl added to active carbon sample, in mL; m-mass of active carbon sample, in g. The Fourier Transform Infrared spectra (FTIR) of the active carbons were recorded in the range 400 -4000 cm -1 using a Fourier Transform Infrared Spectrometer (PerkinElmer, Spectrum 100, USA). Prior to spectral analysis the samples were dried and the dilutions in KBr have been used (0.15wt%).
Results and discussion
Physical characteristics
The particle size distribution evaluated by sieve analysis is presented in Figure 1 . For both samples, initial granular active carbon AG-5 and modifi ed by oxidation AG-5ox, the size fraction between 1.3 and 2.0 represents about 65% of total weight. For further experiments the size fraction between 0.8 and 2.0 mm was chosen.
The bilk density has been determined only for the size fraction 0.8÷2.0mm, which was selected for further experiments. After oxidation process the bulk density of active carbon AG-5ox decreases with about 4%, it can be explained by removal of soluble inorganic (ash) with nitric acid (Table 1) . 
Physical-chemical characteristics
The elemental analysis, the metals and ash content for studied active carbon samples, are presented in Tables  2 and 3 . The initial active carbon AG-5 contains about 16.6% ash, while after oxidation with nitric acid this value decreased to ca. 6% (Table 2) . Similar results have been obtained by Jaroniec et al. during oxidation of AG-5 active carbon with concentrated nitric acid [21] . After oxidation process most of the metals are removed from the active carbon sample (Table 3) . Nitrogen adsorption isotherms and pore size distribution curves for studied samples are shown in Figures 2 and 3 . Both samples exhibit microporous structure. The porous structure parameters calculated from nitrogen adsorption isotherms are presented in Table 4 . As can be seen, the values of the BET surface area (S BET ), total pore volume (V total ) and micropore volume (V micro ) slightly increase after oxidation treatment with about 14-16% (Table 4) .
The impact of nitric acid on porous structure of the active carbon AG-5 is quite different described in the literature. Some authors have been reported an increase of total pore volume after oxidation of AG-5 with nitric acid, while other authors have been presented opposite results, degradation of porous structure and decrease of structural parameters values over 50% [6, 12, 13, 21] . In our case, we suggest, the slight increase of structural parameters values after oxidation process is due to dissolution of inorganic species that may block the entrance of micropores. Thermo-gravimetric analysis (TGA) and derivative thermo-gravimetric (DTG) curves of active carbon samples are presented in Figures 4 and 5. TGA curve of the oxidized sample AG-5ox differs from that of unmodifi ed sample AG-5, which indicates that the oxidation with concentrated nitric acid has changed not only the surface properties, but also destroyed the active carbon structure making its decomposition much easier. TGA and DTG curves of the two samples show an initial weight loss around 100 ºC, which is related to thermodesorption of physically adsorbed water [13, 21, 22] . The weight loss at 250 ºC is presented only on the DTG profi le of the oxidized sample (AG-5ox) being attributed by many researchers to the decomposition of carboxylic surface groups [23] [24] [25] . Till around 400 ºC the decomposition of lactonic and phenolic groups takes place [23] [24] [25] and then the active carbon sample buns out ( Figure 5 ). The unmodifi ed sample, AG-5, is much more thermally stable in comparison with oxidized sample (Figure 4) . The DTG profi le of this sample does not present any signifi cant weight loss until 450 ºC. Both samples present ash content at 1000 ºC much high for AG-5, about 16% (Figure 4) . 
Surface chemistry characteristics
The surface properties of the active carbons were evaluated by pH of the carbon surface, Boehm titration method and spectral analysis under IR range.
The results of Boehm's titration method and pH value of the carbon surface are given in Table 5 . Signifi cant differences have existed on the amount of acidic and basic functional groups of the active carbons. After oxidation process with nitric acid the surface of AG-5ox sample becomes acidic and pH of active carbon suspension decrease till 3.30.
The amount of total acidic groups (titrated with NaOH) on active carbon surface AG-5ox increases by about 6 times and strong acidic groups -by about 9 times in comparison with initial sample AG-5. At the same time the amount of basic groups decreases by about 4 times ( Table 5 ). The concentration of the acidic groups on the active carbon surface (AG-5ox) was in the following order: strong acidic >>> weak acidic > phenolic. The FTIR spectral analysis is an important tool to identify some characteristic functional groups on the active carbons surface. In Figure 6 the IR spectra for active carbons AG-5 and AG-5ox are compared. For both of the activated carbons, before and after oxidation, there are a number of common bands. The absorptions around 800 cm -1 are assigned to the out of plane bending of the ring C-H bonds [25] [26] [27] .
Bands in the 1000-1200 cm -1 region are diffi cult to assign because there is a superposition of a number of broad overlapping bands. It could be assign to C-O as in phenols/ethers/esters (1200 cm) [9, 27] . The shoulder at 1164 cm The bands in the region of 1500-1600 cm -1 have been observed by many authors and have not been interpreted unequivocally. These bands, presented in the spectrum of AG-5ox at 1521, 1562 and 1625 cm -1 , and in the spectrum of AG-5 at 1490 and 1560 cm -1 , can be assigned to aromatic ring stretching (C=C) coupled to highly conjugated carbonyl groups (C=O) [24, 26] .
The band between 1700 and 1730 cm -1 , that can be assigned to the stretching vibration of C=O bonds, characteristic of carboxylic, ketone and aldehide groups [11, 24] is much higher in AG-5ox than in AG-5 spectrum.
In the region 2860-2980 cm -1 , two bands of low intensity are presented, frequently attributed to aliphatic CH bond in the CH, CH 2 and CH 3 groups [26] .
Broadband in the region 3300-3600 cm -1 is assigned to (OH stretching) vibrations of OH groups of related alcohols, phenols and carboxylic acids [11, 26, 27] .
Generally, used methods to quantify the surface characteristic groups on active carbon samples show an increase of acidic surface groups on oxidized sample, presented as strong acidic -carboxylic groups, weak acidic -ketones and aldehide groups, and phenolic groups.
Conclusions
Evaluation of physical-chemical and surface chemistry characteristics of unmodifi ed and oxidized active carbon samples indicates that oxidation with concentrated nitric acid changed not only the surface properties but also destroyed the active carbon structure making its decomposition much easier. The unmodifi ed sample, AG-5, is much more thermally stable in comparison with oxidized sample (AG-5ox).
The slight increase of structural parameters (S BET , V total , V micro ) after oxidation treatment with about 14-16% is due to dissolution of inorganic species that may block the entrance of micropores.
After oxidation process with nitric acid, the surface of AG-5ox sample becomes acidic and pH of active carbon suspension decreases till 3.30. The amount of total acidic groups on active carbon surface AG-5ox increases by about 6 times in comparison with initial sample AG-5. The obtained results show an increase of acidic surface groups on oxidized sample, presented as strong acidic -carboxylic groups, weak acidic -ketones and aldehide groups, and phenolic groups.
